Upregulation of utrophin A is an attractive therapeutic strategy for treating Duchenne muscular dystrophy (DMD). Over the years, several studies revealed that utrophin A is regulated by multiple transcriptional and post-transcriptional mechanisms, and that pharmacological modulation of these pathways stimulates utrophin A expression in dystrophic muscle. In particular, we recently showed that activation of p38 signaling causes an increase in the levels of utrophin A mRNAs and protein by decreasing the functional availability of the destabilizing RNA-binding protein called K-homology splicing regulatory protein, thereby resulting in increases in the stability of existing mRNAs. Here, we treated 6-week-old mdx mice for 4 weeks with the clinically used anticoagulant drug heparin known to activate p38 mitogen-activated protein kinase, and determined the impact of this pharmacological intervention on the dystrophic phenotype. Our results show that heparin treatment of mdx mice caused a significant ∼1.5-to 3-fold increase in utrophin A expression in diaphragm, extensor digitorum longus and tibialis anterior (TA) muscles. In agreement with these findings, heparin-treated diaphragm and TA muscle fibers showed an accumulation of utrophin A and β-dystroglycan along their sarcolemma and displayed improved morphology and structural integrity. Moreover, combinatorial drug treatment using both heparin and 5-amino-4-imidazolecarboxamide riboside (AICAR), the latter targeting 5′ adenosine monophosphate-activated protein kinase and the transcriptional activation of utrophin A, caused an additive effect on utrophin A expression in dystrophic muscle. These findings establish that heparin is a relevant therapeutic agent for treating DMD, and illustrate that combinatorial treatment of heparin with AICAR may serve as an effective strategy to further increase utrophin A expression in dystrophic muscle via activation of distinct signaling pathways.
Introduction
Duchenne muscular dystrophy (DMD) is the most common form of muscular dystrophy as it afflicts ∼1 in 3500 male live births (1) . Due to progressive muscle wasting, patients become wheelchair bound by early teens and death ensues in their second or third decade of life most often as a result of respiratory or heart failure (2) (3) (4) (5) (6) . DMD is an X-linked recessive disorder caused by mutations/ deletions in the dystrophin gene that prevent the production of functional dystrophin protein at the sarcolemma of individual muscle fibers (7) (8) (9) . In these fibers, dystrophin plays a key role in maintaining their structural integrity by linking cytoplasmic actin filaments to the extracellular matrix via a multifunctional signaling complex called dystrophin-associated protein complex (DAPC) (10) (11) (12) (13) . A lack of dystrophin protein as seen in DMD muscle fibers, induces cycles of muscle degeneration and regeneration with an eventual failure of the regenerative capacity thereby leading to a loss of muscle mass and function. Several therapeutic interventions are currently being developed for treating DMD including suppression of premature termination codons (14, 15) , exon skipping (16) (17) (18) (19) (20) and gene-based therapies (21) (22) (23) ).
An alternative strategy for treating DMD is focused on increasing the endogenous levels of the autosomal homolog of dystrophin, named utrophin (24, 25) , in order to compensate functionally for the lack of dystrophin. Unlike dystrophin, which is expressed along the entire length of the sarcolemma in adult muscle fibers, expression of utrophin A (the muscle isoform) is mainly restricted to neuromuscular and myotendinous junctions (26, 27) . In addition to differences in their localization, dystrophin and utrophin A also differ in their ability to bind microtubules and in their ability to localize neuronal nitric oxide synthase (nNOS) at the sarcolemma (28) . However, similar to dystrophin, utrophin A associates with members of DAPC (29, 30) and with cytoskeletal F-actin filaments (31, 32) and can thus serve to provide functional integrity to individual muscle fibers. As an eventual effective therapeutic strategy, expression of utrophin A needs to extend from synaptic and myotendinous sites well into extrasynaptic regions, all along the sarcolemma of dystrophic fibers. Interestingly, utrophin A expression is naturally upregulated in dystrophic muscles of mdx mice and DMD patients. However, this upregulation is not sufficient to compensate for the loss of dystrophin in these dystrophic muscles (33) (34) (35) . In this context, several studies have shown that transgenic overexpression of utrophin A in skeletal muscle of mdx mice alleviates the dystrophic phenotype (36) (37) (38) (39) (40) . As a therapeutic strategy, utrophin A upregulation offers the distinct advantage that it would be beneficial for all Duchenne and Becker patients since this approach is independent of the exact nature of the patient's mutation.
Given the therapeutic potential of increasing expression of utrophin A in dystrophic muscle, many laboratories around the world are devoting considerable efforts to identify drugs/small molecules that can stimulate utrophin A expression. One approach consists in screening libraries of chemical compounds in attempts to identify such active drugs/small molecules. To date, one such compound, i.e. SMT C1100, was shown to upregulate utrophin A in various experimental models and has since moved into clinical trials (41) (42) (43) (44) . Alternatively, the characterization of molecular events and signaling pathways represents an attractive route to identify pharmacologically active molecules that can act upon these pathways. In this context, several transcriptional regulatory mechanisms have been characterized including those that involve MyoD/myogenin and an E-box (45) , GA-binding protein (GABP) and an N-Box (46, 47) , calcineurin/ nuclear factor of activated T-cells (NFAT) signaling (48, 49) , peroxisome proliferator-activated receptor-β/δ (PPAR-β/δ) (50) (51) (52) , peroxisome proliferator-activated receptor ϒ coactivator 1α (PGC-1α) (53) (54) (55) , sirtuin 1 (Sirt1) (56) and Ets-2 repressor factor (ERF) and E2F1 (57, 58) . Collectively, these studies have led to the idea that promotion of a slower, more oxidative phenotype, which concomitantly upregulates utrophin A, is a viable therapeutic strategy for DMD (48, 53, 56, (59) (60) (61) . Over the last few years, several studies have used specific drugs to activate these various pathways in order to explore their therapeutic potential in mdx mice. In particular, treatment of mdx mice with either GW501516, 5-amino-4-imidazolecarboxamide riboside (AICAR), metformin and resveratrol, which respectively target PPAR-β/δ, 5′ adenosine monophosphate-activated protein kinase (AMPK), and Sirt1 and hence act primarily at the transcriptional level, results in an upregulation of utrophin A in muscle and functional benefits (53, (60) (61) (62) (63) (64) (65) (66) (67) .
In addition to transcriptional regulatory mechanisms, earlier work from our laboratory has also shown the important contribution of post-transcriptional events in controlling utrophin A expression. In fact, the 3′UTR and 5′UTR of utrophin A have both been shown to play key roles in the post-transcriptional regulation of utrophin A by regulating the stability and translation of utrophin A mRNAs, respectively (68) (69) (70) (71) (72) (73) . Of particular pharmacological and therapeutic relevance, we demonstrated that the 3′UTR of utrophin A transcripts contains the cis-acting AU-rich elements (ARE) (68, 69) , known to be important for posttranscriptionally regulating mRNA stability (74) (75) (76) . In this context, we also showed recently that activation of p38 MAP kinase signaling in muscle reduces the binding of the destabilizing RNA-binding protein called K-homology splicing regulatory protein (KSRP), to the ARE which in turn, causes an increase in the stability of pre-synthesized utrophin A transcripts (77) . In this latter study, we also noted that a short, 10-day regimen of heparin injections, which is currently used in clinical settings as an anticoagulant and also known to activate p38, induced a marked increase in utrophin A expression in the diaphragm muscle of mdx mice (77) . These results, therefore, represent proofof-principle that drugs that modulate post-transcriptional pathways can promote utrophin A expression in muscle. What remains unclear however, is whether a longer heparin treatment such as 4-week treatment periods used in recent pre-clinical studies (53, 63, 77, 78) , can sufficiently increase utrophin A levels to provide morphological and functional benefits to muscle cells.
The aim of the current study was 2-fold. First, we examined the impact of treating mdx mice for 4 weeks with heparin on the expression of utrophin A in a variety of muscles and determined its beneficial effects on the morphology and integrity of muscle fibers. Our second objective was to investigate the effect of combining two different drugs, namely heparin and AICAR, on utrophin A expression to determine whether they could instigate an additive effect on utrophin A levels in mdx mouse muscle. In this second series of experiments, we hypothesized that activating distinct yet, complementary pathways (AICAR acting transcriptionally via AMPK and PGC-1α, and heparin acting post-transcriptionally via KSRP and the ARE) would overcome the issue of saturating common downstream targets with multiple drugs/small molecules, thereby promoting additive effects on utrophin A expression in muscle.
Results

Heparin stimulates utrophin A expression in cultured muscle cells
Heparin, a naturally occurring polysaccharide, is one of the oldest drugs used as an anticoagulant for treatment of thrombosis (79) . Heparin has been shown to activate p38 mitogen-activated protein kinase (MAPK) activity in skeletal muscle of wild-type mice (78) . Our laboratory was first to demonstrate that short-term pharmacological activation of p38 by heparin, stimulates utrophin A expression in C2C12 muscle cells and mdx mouse muscle through a post-transcriptional mechanism involving inhibition of KSRP and enhanced stability of existing utrophin A mRNAs (77) . In the present study, we first decided to extend these findings by examining whether a 4-week treatment with heparin upregulates utrophin A expression in several mdx mouse muscles and provides morphological and functional benefits to dystrophic muscles.
Initially, we treated C2C12 myoblasts for 24 h with 2.5 IU/mL of heparin and subsequently harvested the cells and analyzed utrophin A expression using western blot and RT-qPCR. Heparin treatment induced a significant ∼2-fold (P < 0.05) upregulation of utrophin A in C2C12 muscle cells compared with vehicle-treated cells (Fig. 1A and B) . Moreover, treatment of C2C12 myoblasts with heparin also caused a significant increase (P < 0.05) in utrophin A mRNA levels (Fig. 1C) . Finally, heparin treatment of cells transfected with a luciferase reporter construct containing the full-length 3′UTR of utrophin A, resulted in a ∼1.5-fold increase (P < 0.05) in luciferase activity compared with vehicletreated control cells (Fig. 1D ). In these latter experiments, we verified that heparin had no direct effect on the luciferase reporter activity per se by measuring the activity of the luciferase construct without the utrophin A 3′UTR in cells treated with or without heparin (luciferase activity (%): luciferase + vehicle = 100, luciferase + heparin = 107, ±2.49 (mean and SD). Together, these data demonstrate that heparin treatment enhances utrophin A expression in C2C12 muscle cells via a post-transcriptional mechanism thereby corroborating our earlier findings (77).
Heparin stimulates utrophin A expression in several mdx mouse muscles
Based on these results, we progressed to treat 6-week-old dystrophin-null, mdx mice with daily subcutaneous injections of heparin at 500 IU/kg for 4 weeks, which extends the duration of the short-term, 10-day treatment protocol used in our recent study (77) . Here, we chose 4 weeks as a treatment duration since several pre-clinical studies from other labs using mdx mice (80, 81) , and ours (53, 60) , have previously also used such a time period to test the efficacy of various compounds thus allowing for appropriate comparison of results.
As illustrated in Figure 2 , 4 weeks of heparin treatment significantly increased (P < 0.05) utrophin A protein levels in diaphragm and tibialis anterior (TA) muscles of mdx mice. Such an increase in utrophin A protein expression was also observed in the extensor digitorum longus (EDL) muscle. Remarkably, the increased expression of utrophin A in the fast TA and EDL muscles was greater than ∼3.5-and 2-fold, respectively. Nonetheless, there was no significant increase (P > 0.05) in utrophin A expression in the soleus most likely because utrophin A levels are already elevated in this slow oxidative muscle compared with fast glycolytic muscles (82) . Immunofluorescence experiments further established that heparin treatment indeed caused an increase in utrophin A levels in mdx mouse muscles, while also showing that this increase occurred at the sarcolemma of both diaphragm and TA muscle fibers (Fig. 3A) . Additionally, we assessed the localization of β-dystroglycan, a member of the DAPC, in order to examine whether heparin treatment caused reassembly of the DAPC along the sarcolemma. Similar to what we observed with utrophin A by immunofluorescence, heparin treatment enhanced β-dystroglycan expression along the sarcolemma of fibers from the diaphragm and TA muscles of mdx mice (Fig. 3B) . Our data collectively show that a 4-week treatment with heparin stimulates utrophin A expression in several mdx mouse muscles and induces its accumulation at the sarcolemma of dystrophic fibers together with that of an important DAPC component.
Heparin treatment improves morphological properties of mdx muscle
Given the findings shown above indicating assembly of utrophin A-containing DAPC at the sarcolemma, which implies an increase in the stability and integrity of dystrophic myofibers, we performed a series of hematoxylin and eosin (H and E) staining on cryostat sections of diaphragm and TA muscles from heparinand vehicle-treated mdx mice. First, we measured the extent of central nucleation in these muscles. Central nucleation serves as a key indicator of muscle damage and regeneration in dystrophic muscle fibers (83). Our results revealed that heparin treatment caused a significant (P < 0.05) decrease in the percentage of central nucleation in both diaphragm and TA muscles of treated mdx mice as compared with control mdx mice ( Fig. 4A and D) . Since mdx muscle fibers go through cycles of muscle degeneration and regeneration, a decrease in central nucleation is an indication of reduced degeneration (83) .
To determine whether heparin treatment provided additional morphological benefits to mdx muscle fibers, we also assessed the fiber size distribution by measuring the cross-sectional area (CSA) of individual fibers from diaphragm and TA muscles obtained from heparin-versus vehicle-treated mdx mice. Histopathological studies have shown that abnormal fiber size distribution is a hallmark of dystrophic muscles (83, 84) since, for example, mdx mice display an abnormal proportion of small-and large-muscle fibers (83) . Our analyses demonstrate that the CSA profiles of vehicle-treated mdx mice display large differences when compared with healthy wild-type mice ( Fig. 4A and B) . Four weeks of heparin treatment of mdx mice caused a rightward shift and normalization in the CSA frequency distribution of both diaphragm and TA muscles towards wildtype values with some fibers showing signs of hypertrophy. The reason why some of the mdx muscle fibers treated with heparin became hypertrophic is unclear. However, if toll-like receptors (TLR) are activated by heparin as suggested previously (78) , it may be that activation of these receptors by heparin induces IL-6 production (85) which could promote muscle fiber hypertrophy (86, 87) .
To complement these data, we also calculated the variance coefficient (VC) based on individual CSA of muscle fibers. As illustrated in Figure 4C , our results show that diaphragm and TA fibers from vehicle-treated mdx mice display significantly (P < 0.001) higher VC as compared with wild-type mice. Moreover, heparin treatment caused a reduction of the VC in both diaphragm (P < 0.001) and TA (P < 0.05) muscles from treated mdx mice. Together, these data indicate that 4 weeks of heparin causes important improvements in the morphology of dystrophic muscle fibers.
In addition to this morphological analysis, we also performed a fiber typing study to determine whether heparin treatment leads to a change in the expression of the slow, oxidative versus fast, glycolytic myofiber program. In comparison to fast-twitch muscles, slow, oxidative fibers express considerably more utrophin A and show reduced dystrophic damage (82) . Moreover, our recent work and that of others (53, 59, 60, 88) , had led to the idea that promotion of the slow oxidative phenotype is particularly beneficial to mdx mouse muscle since such a fiber type transition is accompanied by increases in utrophin A expression.
Immunofluorescence experiments using myosin heavy chain (MHC) antibodies showed that 4 weeks of heparin treatment of mdx mice caused a significant increase (P < 0.001) in the number of MHC type I fibers in TA muscles compared with vehicle-treated mdx mice ( Fig. 5A and B) . Moreover, western blotting revealed that expression of the oxidative phosphorylation (OXPHOS) markers, complex proteins IV and V were significantly (P < 0.05) elevated in TA muscles from heparin-treated mdx mice ( Fig. 5C and D). These findings suggest that 4 weeks of heparin treatment induced an increase in the expression of the slow oxidative myogenic program in mdx mouse muscle.
Heparin enhances the sarcolemmal integrity of mdx muscle fibers
To functionally examine the beneficial impact of heparin treatment on the structural integrity of mdx myofibers, we conducted IgM immunostaining on diaphragm and TA muscle cryosections. IgM is typically an extracellular protein that can penetrate within the muscle fiber when the sarcolemmal integrity is compromised as seen in mdx myofibers (60, 89) . Detailed examination of the staining showed that IgM penetration within fibers was markedly reduced in both diaphragm and TA muscles from heparin-versus vehicle-treated mdx mice (Fig. 6A) .
In a final series of experiments, we further assessed sarcolemmal integrity by employing an ex vivo protocol of repetitive eccentric contractions with EDL muscles as used in an earlier study (90) and in ours (53, 59, 60) . When determining maximal force, we observed that EDL muscles from heparin-treated mdx mice showed a trend toward normalization since force output was similar to wild-type mice (P > 0.05) and higher than vehicle-treated mdx mice (P = 0.1; Fig. 6B ). During repetitive eccentric contractions, reduction of force over time is known to correlate with damage of mdx EDL myofibers (59, 60, 90) . In our analysis, eccentric force measurements over time showed no difference (P > 0.05) between EDL muscles from heparin-and vehicle-treated mdx mice (data not shown). Such a discrepancy between force production and resistance to eccentric contractions has been observed in previous pre-clinical studies with the mdx mouse (91), including ours using AICAR treatment (53) . During this eccentric contraction protocol, EDL muscles are bathed in 0.1% trypan blue staining solution which can penetrate into the cytoplasm of myofibers in response to contraction-induced muscle damage. Examination of the percentage of trypan blue-stained EDL muscle fibers revealed that heparin caused a ∼1.4-fold decrease (P < 0.01) in mdx mice versus vehicle-treated animals (Fig. 6C) . Collectively, these results show that 4 weeks of heparin induced an increase in utrophin A expression in several mdx mouse muscles together with multiple morphological and functional benefits. Combinatorial treatment with AICAR and heparin causes an additive effect on utrophin A expression AICAR, a synthetic agonist, has been shown to stimulate AMPK activity in skeletal muscle (92) and recent work from our laboratory (53, 59 ) and that of others (81), demonstrated that a 4-week AICAR treatment of mdx mice resulted in utrophin A upregulation in muscles as well as in an attenuation of the dystrophic phenotype. Thus, given the effective upregulation of utrophin A in response to individual AICAR and heparin treatments, we set out to determine whether a combinatorial treatment of AICAR Figure 2 . Heparin treatment induces upregulation of utrophin A protein levels in diaphragm, TA and EDL muscles from mdx mice. 6-week-old mdx mice were treated with heparin (500 IU/kg) or with vehicle (saline) for 4 weeks. Representative western blots and quantification of utrophin A protein levels standardized to ponceau using protein extracts from (A) diaphragm (DIA), (B) TA, (C) EDL and (D) soleus muscles. N = 4. Error bars represent SEM, *P < 0.05 versus mdx vehicle control. Note the significant ∼1.5-to ∼3-fold increase of utrophin A protein levels in diaphragm, TA and EDL muscles. plus heparin (A + H) causes greater increases (additive or synergistic) in utrophin A expression. Such a combinatorial A + H treatment is expected, based on recent findings (53, 63, 77, 78, 93, 94) , to activate distinct signaling pathways acting transcriptionally (AICAR) and post-transcriptionally (heparin). To this end, we first treated C2C12 myoblasts with AICAR, heparin and a combinatorial A + H treatment for 24 h, and examined utrophin A mRNA expression by RT-qPCR. As shown in Figure 7A , the combinatorial A + H treatment triggered an additive effect on utrophin A expression since it caused a ∼2.5-fold increase (P < 0.05) in its mRNA level (compared with vehicle), which was also significantly higher (P < 0.05) than the effect seen with individual AICAR or heparin treatments.
Given these positive findings obtained with cultured cells, we proceeded to test whether the combinatorial A + H treatment further stimulates utrophin A expression in mdx mouse muscles as compared with individual treatments. To achieve this, we treated 6-week-old mdx mice with subcutaneous injections of saline (control), AICAR (500 mg/kg body weight), heparin (500 IU/kg) and A + H for a duration of 4 weeks. The treatment and dosage protocols selected for these experiments were based on prior studies from our laboratory (53, 77) and others (63, 78, (95) (96) (97) (98) (99) . We first measured utrophin A mRNA levels in diaphragm and TA muscles from treated mdx mice. Our results showed that utrophin A mRNA levels were significantly (P < 0.05) stimulated in response to all three treatments (AICAR, heparin and A + H) in the diaphragm as compared with vehicle-treated mdx mice (Fig. 7B) . Although the combinatorial treatment did not show a statistically significant greater increase in utrophin A mRNA expression, there was nonetheless a clear trend for an additive effect in comparison to individual AICAR and heparin treatments. In TA muscles, no significant difference in utrophin A mRNA levels of treated mdx mice was detected but there was a clear trend towards an increase in utrophin A transcripts with the combinatorial treatment (Fig. 7B) .
We also measured utrophin A protein levels in both diaphragm and TA muscles of mdx mice treated with AICAR, heparin and A + H. In this case, and as seen with cultured myogenic cells, the combinatorial A + H treatment clearly resulted in a ∼2.9-fold additive effect on utrophin A protein expression (P < 0.05) in the diaphragm of mdx mice compared with vehicle-treated mdx mice. This increase was also significantly greater (P < 0.05) than the increase seen with AICAR and heparin alone ( Fig. 7C and D) . Similarly, all treatments induced an upregulation of utrophin A in the TA muscle with the combinatorial A + H treatment showing again an additive effect with a ∼2.3-fold increase (Fig. 7C and D) . Since AICAR is associated with heart hypertrophy and that p38 MAPK signaling has also been reported to be connected to cardiac failure and hypertrophy (95,100-103), we also examined whether there was an increase in utrophin A expression in the heart following the various drug treatments. Our results show that individual treatments of mdx mice with heparin or AICAR did not increase utrophin A levels in the heart (Fig. 8) . By contrast, the combinatorial therapy caused a more modest but significant increase in utrophin A expression (P < 0.05; Fig. 8A and B) . In these experiments, we also noted that utrophin A in the mdx heart is relatively high compared with TA and diaphragm muscles (Fig. 8C and D) which, similar to the results obtained with the soleus (Fig. 2) , suggests that muscles with endogenously high utrophin A levels may not respond robustly to individual heparin or AICAR treatments.
Next, we performed immunofluorescence experiments on both diaphragm and TA muscles to establish if the combinatorial A + H treatment stimulated utrophin A expression along the sarcolemma of treated mdx mice. As shown in Figure 9 , utrophin A expression was enhanced in both muscles in response to all three treatments (AICAR, heparin, A + H) but, consistent with the western blotting data, the increase appeared even greater in the diaphragm and TA muscle from the A + H group of mdx mice. To determine whether the combinatorial A + H treatment leads to the reassembly of the DAPC complex, we also examined the localization of β-dystroglycan at the sarcolemma of mdx muscle fibers. As shown in Figure 9B , immunofluorescence experiments revealed that all treatments, including the combinatorial one with AICAR and heparin, enhanced β-dystroglycan expression along the sarcolemmal membrane in both diaphragm and TA muscles of treated mdx mice. Overall, these results indicate that in both cultured myogenic cells and mdx mouse muscles, the combinatorial A + H treatment is capable of inducing an additive effect on utrophin A expression as compared with individual treatments. The further increase in utrophin A expression seen following the combinatorial treatment, together with its localization at the sarcolemma and that of β-dystroglycan, suggest additional morphological and functional benefits over AICAR and heparin treatment alone. AICAR and heparin treatments alters expression of key signaling molecules in mdx mouse muscles
As mentioned above, we showed in our recent work that AICAR promotes utrophin A expression via a transcriptional mechanism involving PGC-1α (53, 59) ; (see also 81,104) whereas heparin increases the stability of utrophin A mRNAs by decreasing the functional availability of KSRP (77) . Here, we therefore verified that the combinatorial A + H treatment would similarly alter expression of these key molecules in treated mdx mice. First, we measured the expression levels of KSRP in muscles of mdx mice treated with AICAR, heparin and A + H. Our results show that heparin alone caused a ∼2-and 2.5-fold decrease (P < 0.05) in KSRP protein levels in the diaphragm and TA muscles of mdx mice, respectively, as compared with vehicle-treated mdx mice (Fig. 10A and B) . Also, there was a trend towards a decrease in KSRP expression in both diaphragm and TA muscles following combinatorial A + H but this difference reached significance (P < 0.05) only in the diaphragm.
AICAR treatment is known to drive a significant increase in PGC-1α protein expression in mdx mouse muscle (53, 59, 94, 104, 105) . Here, we observed that similarly, the combinatorial A + H treatment led to an increase (P < 0.05) in PGC-1α levels in both mdx diaphragm and TA muscles that is comparable, at least in the diaphragm, to that observed following the individual AICAR treatment (Fig. 10C) . Taken together, these findings suggest that the combinatorial A + H treatment regulates simultaneous expression of key and distinct signaling pathways that appear to ultimately converge onto the same slower, more oxidative phenotypic outcome in mdx mouse muscle which, in parallel, stimulate utrophin A expression.
Discussion
In the present study, we first determined whether a 4-week treatment regimen with heparin induces increases in utrophin A expression in several mdx mouse muscles and provides morphological and functional benefits. Our findings show that clinically used heparin upregulates utrophin A levels in a variety of muscles of mdx mice including the diaphragm. This 4-week treatment also improved several pathological features of mdx mouse muscles including reassembly of the DAPC at the sarcolemma as well as improved morphological parameters and sarcolemmal integrity. As part of this work, we also explored the therapeutic potential of using a combinatorial treatment with both heparin and AICAR. Our results clearly show that combination of heparin with AICAR instigates an additive effect on utrophin A transcript and protein levels in mdx mouse muscle that is greater than increases seen when these drugs are used in isolation. Taken together, these results suggest that combinatorial treatment of heparin and AICAR, which individually target distinct signaling pathways, may serve as an effective therapeutic strategy to treat DMD.
Heparin promotes the post-transcriptional upregulation of utrophin A in muscles and improves the dystrophic pathology
Initial evidence of possible post-transcriptional regulation of utrophin A came from earlier studies in which it was noted that altered expression of utrophin A protein in muscle was not mirrored by changes in levels of its mRNA (45, 106, 107) . Additional work revealed the importance of the 5′ and 3′UTRs of utrophin A mRNAs in regulating its translation and stability, respectively (68) (69) (70) (71) (72) . In this context, our laboratory showed that an ARE contained within the utrophin A 3′UTR plays a key role in controlling the longevity of utrophin A mRNAs in muscle (68, 69) . Studies from our laboratory and others have shown that p38 MAPK regulates the levels of utrophin A mRNA (77) and other pre-synthesized transcripts (108) , by decreasing the functional availability of KSRP; an RNA-binding protein that interacts with AREs and known to induce decay of target transcripts. More specifically, we reported in our initial study that p38 activation with heparin decreases the ability of KSRP to interact with the ARE present in the utrophin 3′UTR thereby causing an increase in utrophin A mRNA and protein levels (77) .
Here, we show that heparin is a potent utrophin A stimulator since treatment with heparin causes a clear increase in utrophin A expression in both C2C12 muscle cells and in several mdx mouse muscles. Such increase in utrophin A expression in dystrophic muscles was accompanied by important morphological and functional improvements. A central question raised by these findings concerns the identity of the signaling molecules upstream of p38 activation on which heparin acts. Although the complete nature of this pathway remains unclear, converging lines of evidence indicate that TLR may play a role in activating p38 MAPK (78, 109) . TLRs are transmembrane proteins highly expressed in immune cells, however, recent studies have also found TLRs to be present in other cell types including TLR2 and 4 that are expressed in skeletal muscle cells (109) (110) (111) . In mdx mice, TLR1, 2, 3, 4, 7, 8 and 9 are expressed in a variety of skeletal muscles at different levels. In fact, slow-twitch muscles, such as the soleus have more TLRs (112) . Of high relevance, heparin has been shown to activate p38 via TLR2 and TLR4 in C2C12 myotubes as well as skeletal muscle of C57BL/6J wild-type mice (78, 109) . More specifically, heparin treatment results in increases in extracellular levels of non-esterified fatty acid which in turn, directly activates the TLR receptors (78) . This suggests that heparin may stimulate TLR which then activates p38 MAPK causing a decrease in the functional availability of KSRP and in its binding to the ARE located within the utrophin 3′UTR, culminating in increases in utrophin A expression. Interestingly, levels of TLR4 mRNA have been shown to be increased in mdx mouse muscles compared with wild type (113) , thus providing greater target availability for heparin in dystrophic muscle. However, recent work has also shown that ablation of TLR or of the TLR adaptor protein called myeloid differentiation primary response gene 88 (myd88) in mdx mice, offers benefits to their muscle (112, 113) . Therefore, it seems clear that additional work is necessary to better understand the role and therapeutic potential of TLR's in dystrophic muscle.
Heparin promotes expression of the slow oxidative phenotype in dystrophic skeletal muscles
Our laboratory was first to demonstrate that slower, more oxidative fibers have overall higher content of utrophin A in extrasynaptic regions as compared with fast glycolytic fibers (82) . Such increased expression of utrophin A correlates well with the fact that slow myofibers in both mdx mice and DMD patients show reduced damage in comparison to faster muscle fibers (82) . Accordingly, we speculated several years ago (48, 53, 56, (59) (60) (61) ) that strategies to promote expression of the slow oxidative phenotype, which includes increased utrophin A expression, would be highly beneficial to dystrophic muscle. Using a variety of transgenic mouse models and pharmacological interventions, our laboratory (53, (59) (60) (61) and others (50) (51) (52) 56, 62, 63, 65, 88, 114) have shown that indeed such an approach is therapeutically relevant as increased expression of the slow oxidative phenotype provides important morphological and functional benefits to dystrophic muscle. In this context, beneficial adaptations have been seen previously in mitochondria, the contractile apparatus and in the structural integrity of fast glycolytic muscle fibers following an increase in utrophin A and β-dystroglycan expression throughout the sarcolemma (53, 115) .
In the present study, we also show that treatment of mdx mice with heparin promotes a shift towards a slower, more oxidative phenotype. This suggests that the protective effects of heparin treatment on the progression of the disease may relate to its ability to stimulate the slow oxidative myogenic program. How heparin signals to achieve this transition in fiber type and metabolic profile is unclear at the present time but it would seem important to examine whether TLR's play a role in such a signaling cascade. In agreement with our data, a recent study demonstrated that heparin induces mitochondrial membrane potential and increases expression of the slow oxidative marker cytochrome C oxidase subunit II in HUVECS cells (116) . Thus, further studies are also warranted to determine if heparin, TLR's and/or the downstream regulators p38 MAPK and KSRP, are key modulators of the slow oxidative phenotype.
Combinatorial treatment of mdx mice with heparin and AICAR induces an additive effect on utrophin A expression by activating distinct pathways
In the present study, we also decided to treat mdx mice with a combination of the putative post-transcriptional activator heparin (77, 78) with AICAR, a mediator of utrophin A expression via transcriptional pathways (53) . In this work, we chose not to extensively analyze the individual AICAR treatment in mdx mice because this has already been studied in recent past by our laboratory (53, 59) and that of others (63, 81, 96, 99, 117) . In these combinatorial experiments, we postulated that by activating distinct pathways, utrophin A levels would be further increased in comparison to treatments using these two drugs in isolation. Our results show that individual treatments of AICAR and heparin increase utrophin A but at a lower extent to that seen with the combination of both drugs. In fact, our combinatorial treatment with AICAR + heparin stimulated a clear and important additive effect on utrophin A expression in C2C12 muscle cells and mdx mouse muscle. More specifically, utrophin A protein levels were increased by a maximum of nearly 3-fold in response to the AICAR plus heparin treatment which is particularly encouraging since previous studies reported that a 2-fold increase in utrophin A in muscle is sufficient to ameliorate the dystrophic phenotype in mdx mice (118) . The fact that the diaphragm responded well to the combinatorial treatment is important given that maintaining functions of respiratory muscles in DMD patients is central to efficacious therapeutic interventions. Since utrophin A expression can be modulated by both transcriptional and post-transcriptional events, we also examined expression levels of utrophin A regulators following AICAR and heparin treatment. As predicted based on recent work (53, 98, 105) , the individual treatment with AICAR and the combinatorial treatment of AICAR plus heparin resulted in significant increases in PGC-1α levels in dystrophic muscle; a change not observed following treatment with heparin alone. In contrast, individual treatment with heparin and the combinatorial treatment both promoted a decrease of KSRP expression in treated mdx mouse muscle. However, the decrease of KSRP expression was greater following the individual heparin treatment compared with the combinatorial treatment, and varied between TA and diaphragm muscles. The fact that utrophin A levels are nonetheless additively increased following the combinatorial treatment indicates that at least one other mechanism controls the functional availability of KSRP in muscle, in particular its sequestration by 14-3-3 as we have shown recently (77) . Taken together, these results further highlight the distinct mechanisms of action of AICAR and heparin on utrophin A upregulation and indicate that the combination of these two drugs activates both pathways. On the basis of these findings, we therefore propose a model (Fig. 11) by which AICAR and heparin stimulate utrophin A expression via distinct signaling cascades and molecular events. In this model, AICAR promotes utrophin A expression through activation of AMPK and PGC-1α signaling, whereas heparin acts mainly by activating p38 MAPK which subsequently phosphorylates KSRP and promotes its sequestration by 14-3-3 proteins while also decreasing its expression level. The combined effect of activating these pathways results in enhanced transcription of the utrophin gene with a parallel increase in the stability of synthesized utrophin A transcripts as illustrated in Figure 11 .
One of the highlights of our study is the identification and exploitation of clinically relevant drugs for treating DMD. Such a repurposing strategy exploits the off-target effects of clinically approved drugs, thereby providing opportunities to accelerate the development of new drugs for DMD while reducing health risks (119) . Previous studies from our laboratory exploited the off-target effects of several drugs in upregulating utrophin A expression in muscle such as the PPAR-β/δ agonist GW501516, AMPK/Sirt1 activator Resveratrol, AMPK/PGC1α activators Metformin and AICAR, as well as heparin (53, 60, 61, 67, 77) . In our current study, it appears that repurposing of AICAR and heparin may be an effective combinatorial therapeutic strategy to treat DMD. Heparin is an FDA approved drug that has been used to treat and prevent thrombosis for years (79) . It is also a naturally occurring compound in the human body indicating that it is relatively safe with less severe side effects (79) . On the other hand, AICAR is also being tested extensively in clinical trials for the treatment of other diseases such as type II diabetes (64, 99, 120) . Despite the beneficial effects of the combinatorial treatment of AICAR with heparin on utrophin A expression, it is important to be mindful of the limitations of this strategy in long-term therapies. AICAR and heparin are associated with a few side effects. In particular, heparin can cause excessive bleeding, induce thrombocytopenia, skin necrosis and osteoporosis in treated patients. Conversely, and due to its anticoagulant properties, heparin could also be further beneficial by increasing the effective supply of metabolites and oxygen to working muscle. AICAR, on the other hand, is associated with liver and heart hypertrophy (95) . In this case, metformin might represent an interesting alternative for activating AMPK (67, 121) . Nonetheless, one should remain well aware of these possible side effects and drug interactions, and ultimately balance the advantages versus disadvantages of using such drug therapies.
Materials and Methods
Cell culture, plasmid, transfection and luciferase assay Mouse C2C12 cells (American Type Culture Collection, Manassas, VA, USA) were plated on 6-well culture dishes and maintained in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (Wisent, St-Bruno, QC, Canada), 1% l-glutamine and 1% penicillin/ streptomycin. The cells were incubated at 37°C with 5% CO 2 in a humidified chamber.
The full-length 3′UTR from the utrophin A mRNA (2.1 kb), which was used in these experiments, was described in a previous study (77) . Briefly, the 3′UTR was isolated by RT-PCR and subcloned in the PGL4 vector backbone, downstream of the Firefly luciferase gene. Transient transfections were performed using the transfection reagent Lipofectamine (Invitrogen) by following the manufacturer's instructions. Approximately 50 000 cells per well were seeded in a 6-well culture dish. The next day, C2C12 cells were transiently transfected at 50-60% confluence with a mixture of DNA (1 μg)/lipofectamine for 4 h and incubated at 37°C in a humidified chamber supplied with 5% CO 2 . Following the transfection, cells were treated for 24 h with heparin as described below. Cells were harvested 24 h later for further analyses.
C2C12 cells were homogenized in reporter lysis buffer (Dual Luciferase Assay System, Promega, Madison, WI, USA), followed by a freeze thaw treatment. The activity of Firefly luciferase was determined using the Dual Luciferase Assay kit and detected using a luminometer (Lumat LB 9507-Berthold Technologies, Große Enz, Germany). Cells were co-transfected with a control Renilla luciferase reporter vector ( phRGtk-luc) to monitor transfection efficiency.
Heparin and AICAR treatment
Approximately, 75 000 cells per well were seeded in a 6-well culture dish. The next day, C2C12 cells (60-70% confluence) were treated with heparin (2.5 IU/mL) (LEO Pharma, Thornhill, Canada), or/ and AICAR (1 mM) (TRC, Toronto, Canada), or sterile water (control) for 24 h as used in earlier studies (77, 94) . In vivo experiments were performed using mdx mice and C57BL10 WT mice (The Jackson Laboratory, Bar Harbor, USA), that were maintained in the Animal Care and Veterinary Service of University of Ottawa under a constant 12 h light-dark cycle with full access to water and food. The experimental protocols were approved by the University of Ottawa Animal Care Committee and were in accordance with the Canadian Council of Animal Care Guidelines. Six weekold mdx mice were treated daily with vehicle (sterile saline), AICAR (500 mg/kg), heparin (500 IU/kg) or AICAR + heparin by subcutaneous injections for 4 weeks (53, 63, 77, 78) . Both AICAR and heparin were dissolved in a volume of 50 mL of sterile saline prior to daily treatments. Muscles were dissected from euthanized treated mdx mice, flash frozen in liquid nitrogen, or in melting isopentane cooled with liquid nitrogen, for further analyses.
Ex vivo eccentric contractions
After 4 weeks, the heparin-and saline-treated mice were euthanized. The EDL muscle was dissected and attached at one end to a Dual mode lever system (model 300C, Aurora Scientific, Aurora, Canada) to measure force and to lengthen muscle, and the other end to a fixed rod. Throughout the experiment, the muscle was submerged in a saline solution containing (in mM): 118.5 NaCl, 4.7 KCl, 2.4 CaCl 2 , 3.1 MgCl 2 , 25 NaHCO 3 , 2 NaH 2 PO 4 , 5.5 D-glucose, 95% O 2 -5% CO 2 (to maintain a pH of 7.4) and 0.1% trypan blue (Sigma-Aldrich, Oakville, Canada), with a flow rate of 15 mL/min at 25°C. Adjustments of the muscle length were performed in order to get maximal force output. Five maximal tetanic contractions (400 ms train duration, 10 V, 0.3 ms square pulse, 200 Hz) were elicited to determine muscle contractile kinetics. These contractions were executed every 100 s, followed by 12 eccentric contractions ever 120 s (700 ms train duration, 10 V, 0.3 ms square pulse, 200 Hz) Eccentric contractions were elicited by subjecting muscles to a 10% lengthening at a velocity of 0.5 Le/s throughout the last 200 ms. Electrical stimulation were generated across two platinum wires ( positioned above and below muscles 4 mm apart) using a Grass stimulator (model S88X, Grass Technologies, West Warwick, USA). A Keithley data acquisition board (model KPCI-3104, Cleveland, USA) was used to detect the force at a sample rate of 5 KHz. Tetanic force was defined as the increase in force upon stimulation and was normalized to the CSA. The muscle CSA was calculated by dividing muscle volume by the muscle experimental weight; muscle volume was calculated from the muscle weight converted to volume using a density of 1.06 g/cm 3 . The trypan blue-stained EDL muscles were frozen in melting isopentane cooled with liquid nitrogen and cut into 10 μm cross-sections. The sections were observed with a fluorescent Zeiss Axioshop-2 microscope. Stained fibers were quantified compared with total fiber using image J (NIH version 1.0).
Western blotting
Frozen muscles were ground to powder with a BioPulverizer on dry ice. Muscle samples were suspended in 300 uL of urea extraction buffer (7 M urea, 2 M thiourea, 4 M CHAPS, 100 mM DTT, 125 mM Tris-HCl pH 6.8) supplemented with complete Mini Protease Inhibitor Cocktail and phosphatase inhibitor PhosSTOP (Roche, Laval, QC, Canada). The samples were vortexed for 30 min at room temperature and then centrifuged at 20 000 g for 15 min. Supernatants were collected and stored at −80°C. Protein concentrations were determined using CB-X Protein Assay Kit (G-Biosciences, St. Louis, MO, USA) and bovine serum albumin was used as a standard. Ten micrograms of extracted proteins were loaded on a sodium dodecyl sulfate polyacrylamide gel (6-8% polyacrylamide) and migrated at 80-100 V for 2-3 h. The protein transfer was performed on a nitrocellulose membrane (Bio-Rad, Mississauga, ON, Canada). After transfer, membranes were stained with Ponceau S (Sigma-Aldrich) to confirm equal loading between lanes. Membranes were subsequently washed four times with 1 × PBS-T (1× PBS, 0.2% Tween) and blocked for 1 h with a 5% skim milk in PBS-T solution. Blots were then incubated in blocking solution for 1 h or overnight with antibodies directed against utrophin A (1:500; Novocastra, Leica biosystems, Concord, ON, Canada), KSRP (1:1000; Bethyl Laboratories, Montgomery, TX, USA), PGC-1α (1:2000; Abcam, Toronto, ON, Canada) or OXPHO cocktail (1:1000; Abcam, Toronto, ON, Canada), with gentle rocking. The blots were incubated with appropriate Horse Radish Peroxidase-conjugated secondary antibody for 1 h at room temperature in blocking solution and washed 4 times with 1xPBS-T. When appropriate, the blots were also incubated with antibodies against β-actin (1:10 000; Santa Cruz, Dallas, Texas, USA) as a loading control. Ponceau staining was systematically used to verify equal loading for the utrophin A western blots. This was necessary to obtain better separation of large molecular mass proteins. The gels were run longer causing the lower mass proteins such as β-actin, GAPDH and tubulin to run out of the gels. We thus prefer staining the same membrane used for western blotting for utrophin A in order to assess loading. Protein quantification of utrophin A was normalized to protein levels as determined from the same membrane stained with ponceau. The Chemiluminescent detection of proteins was performed using ECL reagent (Perkin Elmer, Waltham, MA, USA). The films were quantified using ImageJ (NIH version 1.0) and/or Image Lab.
Immunofluorescence, and hematoxylin and eosin staining
Ten micrometer muscle cross-sections were processed for immunofluorescence using the M.O.M's Immunodetection kit (Vector Laboratories, Burlington, ON, Canada). Sections were incubated with primary antibodies against utrophin A (NCL-DRP2) (1:200; Novocastra, Leica biosystems), β-dystroglycan (1:400; NCL-B-DG, Novocastra, Leica biosystems) or myosin heavy chain type 1 (MHC I) (undiluted; BA-F8) (Hybridoma Bank, Iowa city, IA, USA), for 30 min at room temperature. A Texas Red conjugated Streptavidin antibody (1:500; Vector laboratories) was used for detection. A FITC-conjugated IgM antimouse secondary antibody was used (1:400; Sigma-Aldrich) for immunoglobulin (IgM) staining. The slides were mounted with Vectashield mounting medium (Vector Laboratories) and visualized using a Zeiss Axioskop-2-fluorescence microscope. MHC positive fibers, compared with total fiber, were quantified using image J (NIH version 1.0). TA and diaphragm muscle cross-sections were also stained with hematoxylin and eosin dyes, dehydrated using a series of ethanol solutions (70%, 90%, 100%), and subsequently washed with toluene. The slides were then mounted using Permount and visualized using a Zeiss Axioshop-2 microscope. The percentage of central nucleation was determined by visually counting the total number of muscle fibers and the number of muscle fibers with central nucleation from 4-6 cross-sectional views using the Northern Eclipse Software (NES, Expix Imaging, Mississauga, Ontario, Canada). CSA of each fiber was measured using NES. The VC was calculated based on the CSA of muscle fibers using the formula 'variance coefficient Z = 1000 × standard deviation of muscle fiber CSA/mean muscle fiber CSA'.
RNA extraction and RT-qPCR
Total RNA was extracted from muscle tissue and C2C12 cells using TRIzol reagent (Invitrogen) as recommended by the manufacturer. TRIzol extracted RNA was treated for 1 h with DNAse I (Invitrogen) to eliminate possible DNA contamination. Reverse transcription (RT) was carried out using an RT reaction mixture containing 5 mM MgCl 2 , 1× PCR buffer, 1 mM dNTP, 1 U/mL RNase inhibitor, 5 U/mL Moloney murine leukemia virus reverse transcriptase and 2.5 mM random hexamers (Applied Biosystems, CA, USA). A real-time quantitative PCR (qPCR) was performed on an MX3005p real-time PCR system (Stratagene, La Jolla, CA, USA) using a QuantiTect SYBR Green PCR kit (QIAGEN, Valencia, CA, USA). For these experiments, amplification of the 18S ribosomal subunit, GAPDH, utrophin A was performed in duplicates with the following primer sequences: utrophin Aforward 5′-ATCTTGTCGGGCTTTCCAC-3′ and reverse 5′-ATCCA AAGGCTTTCCCAGAT-3′, 18S Ribosomal-forward 5′-CGCCGCT AGAGGTGAAATC-3′ and reverse 5′-CCAGTCGGCATCGTTTA TGG-3′, GAPDH-forward 5′-GGGTGTGAACCACGAGA AAT-3′ and reverse 5′-CCTTCCACAATGCCAAAGTT-3′.
Statistical analysis
The data were analyzed using paired and unpaired Student's t-test and analysis of variance with Fisher's post hoc tests as appropriate. Error bars represent standard error of the mean. Statistical analysis was done with StatView version 5.0 (SAS Institute Inc., Cary, NC, USA) on raw data prior to conversion to fold difference (compared with control). Significance was accepted at *P ≤ 0.05.
